Abstract.-The rates of synthesis of ribosomes, 5S RNA, and tRNA necessary to maintain the steady-state concentrations of these entities in liver cytoplasm of adult rats were determined. On the average, each liver cell in the adult rat synthesizes 650 ribosomes, 650 molecules of 5S RNA, and 11,000 molecules of tRNA each minute. The numbers of genes per liver cell for rRNA, 5S RNA, and tRNA were 330, 1660, and 13,000, respectively, as determined by RNA: DNA hybridization experiments. Thus, on the average, individual genes for rRNA, tRNA, and 5S RNA are transcribed twice a minute, once a minute, and once every 2.5 minutes, respectively, in the adult rat liver.
Introduction.-Various quantitative aspects of the metabolism of ribosomes, 5S RNA, and tRNA in liver cells of adult rats have been investigated.1-4 However, no account has yet appeared describing in molecular terms the rates of synthesis necessary to maintain the steady-state concentrations of these entities within the cell, or of the load this turnover imposes upon the genes. This paper presents such an account. The net rates of synthesis, and the numbers of genes coding for rRNA, 5S RNA, and tRNA were determined, and average values for the frequencies of transcription were calculated. Materials OUSly", 2 and was similar to that of 5S RNA. Transfer RNA turned over more rapidly than rRNA and 5S RNA and had a half-life in cytoplasm of about 80
hours.
Values for the half-lives thus obtained accurately reflect turnover only if the specific radioactivity of nucleotides in the nucleotide pool is low relative to the specific radioactivity of nucleotides in RNA throughout the period of measurement. After a "chase" injection of unlabelled orotic acid, as administered in these experiments, radioactivity is eliminated from the nucleotide pool and is negligible in amount after about 20 hours.5 Thus, estimates of turnover obtained in this way are meaningful. Similar conclusions were reached by Hirsch and Hiatt' who found that the kinetics of ribosome decay were similar after labeling either with 3H-orotic acid or the metabolically labile -arginine-guanido-'4C.
The number of ribosomes and, hence, also of molecules of 5S RNA3, 4. 6, 13 in the cytoplasm of an average liver cell of a normal adult rat is 6 X 106 and the number of tRNA molecules is 7.5 X 107. 3 Assuming half-lives in cytoplasm of 106 hours for ribosomes and 5S RNA, and of 79 hours for tRNA, each cell requires 650 ribosomes, 650 molecules of 5S RNA, and 11,000 molecules of tRNA each minu te to maintain the cytoplasmic pools.
Hybridization of rat liver 30S rRNA, 5S RNA, and tRNA to homologous DNA. -30S rRNA and tRNA: By chromatographic criteria both 3H-30S rRNA and 3H-tRNA were free of detectable contamination by other ribonucleic acids. 3H-tRNA contained no messenger-like RNA or rRNA as judged by the absence of competition with unlabeled RNA of high molecular weight from ribosomes.
The absence of messenger-like RNA from the preparation of 3H-rRNA was not demonstrated experimentally. Values for the number of genes for 30S rRNA and tRNA were obtained by analysis of hybrid data in double-reciprocal form (Fig. 2) , as described in the Appendix. On the average, each rat liver cell contains 330 genes for 30S rRNA, and 13,000 genes for the approximately 40-50 different species of tRNA within the cell. The amount of DNA complementary to 30S rRNA (0.0095%) is within the range established for several vertebrates,14-17 but is somewhat lower than previous estimates for rat liver. 16' 17 The amount of DNA complementary to tRNA (0.0058%O) is about half that found in Xeonpus laevis. 14 The dissociation constants for the binding of 30S rRNA and tRNA were compared with the corresponding constants for RNA: DNA interactions with nucleic acids from Bacillus subtilis and Drosophila melanogaster ( Table 1 ). The latter constants were computed from previously published data. The dissociation constants for the ribosomal RNA: DNA interactions with nucleic acids from the three organisms are similar and are much lower than the values for the tRNA: DNA interactions.
5S RNA: Competition experiments showed that the 3H-5S RNA was contaminated by RNA also present in high molecular weight and tRNA. However, an approximate value for the number of genes for 5S RNA was obtained from competition experiments utilizing near-saturating amounts of 3H-5S RNA and various unlabeled ribonucleic acids. The experiments were performed with an input concentration of 3H-5S RNA of 1.33 ,lg/ml, at which point 80 per cent of the available binding sites were occupied. Addition of unlabeled RNA from ribosomes (freed of 5S RNA by chromatography on Sephadex G-200) and from the 165,000 9 supernatant eliminated about 75 per cent of the radioactivity in hybrid (Fig. 3) unlabeled RNA of high molecular weight from ribosomes and a 300-fold excess of RNA from the 165,000 g supernatant. However, not all the radioactivity remaining bound to DNA after these additions of unlabeled RNA could be attributed to components unique to the preparation of 3H-5S RNA, because the isotopic dilution of the contaminants was finite.
To determine the contribution of the contaminants to the residual hybrid, it was necessary to know the relative concentrations of the components common to RNA to rat liver DNA: the effect of addition of unlabeled 5S RNA on hybrid remaining after addition of an 89-fold excess of RNA of high molecular weight from rat liver ribosomes and a 300-fold excess of 165,000 g supernatant RNA from rat liver. Curves (a) and (b) are theoretical curves (see text) and (A) are the experimental values. The concentration of 'H-5S RNA (specific radioactivity of 7.09 X 104 dpm/.ug) in all tubes was 1.18 ,ug/ml. lFach point represents the average of 2 to 3 filters. the labeled and unlabeled RNA preparations, because the actual isotopic dilution achieved is the product of this factor and of the relative excess of the unlabeled RNA which was added. The relative concentrations of common components were determined by replotting the data according to the methods of Mangiarotti et al.,20 and the actual isotopic dilution was calculated (Table 2 ). In the presence of the indicated amounts of unlabeled ribonucleic acids, 0.164 of a total of 1.0 dpm in hybrid per microgram of DNA was attributable to the contaminants.
To confirm this estimate, an additional competition experiment was performed in which various small amounts of unlabeled 5S RNA were added to tubes each containing 3H-5S RNA, and 89-fold excess of unlabeled RNA of high molecular weight from ribosomes, and a 300-fold excess of unlabeled RNA from the 165,000 g supernatant. Theoretical competition curves were constructed based on the isotopic dilution which would be expected if: (a) all the radioactivity in the residual hybrid was from RNA unique to the preparations of 5S RNA (curve a , Fig. 4) ; (b) the radioactivity in the residual hybrid was largely from RNA unique to the preparations of 5S RNA but, to the extent predicted in Table 2,   TABLE 2 . Hybridization of 3H-5S RNA: the contribution of contaminants to radioactive hybrid remaining after addition of unlabeled RNA (free of 5S RNA) from ribosomes and the 165,000 g supernatant. was also from those RNA species common to the preparations of 5S RNA and the unlabeled ribonucleic acids that were added (curve b, Fig. 4 ).
The experimental values (Fig. 4) fitted curve b and support the estimate for the radioactivity in the residual hybrid due to contaminants, and to components unique to the 3H-5S RNA. The amount of hybrid contributed by the unique components was bound to 0.0012 per cent of the DNA, which would correspond to 1660 genes for 5S RNA per rat liver cell, if the only component unique to the preparation of 3H-5S RNA were 5S RNA.
Evidence of the avoidance of artifacts was provided by the absence of significant elimination of radioactivity in hybrid on addition of large amounts of RNA from E. coli ribosomes, and by the quantitative elimination of radioactivity in hybrid caused by addition of small amounts of unlabeled 5S RNA to tubes containing 3H-5S RNA and large amounts of other unlabeled ribonucleic acids (Fig.  4) .
Discussion.-The rates of synthesis of ribosomes, 5S RNA, and tRNA which were measured were those required to replenish the cytoplasmic pools. The actual rates of synthesis would be different if significant intranuclear turnover occurred. Of these ribonucleic acids, only 58 RNA is present in the nucleus in appreciable amount; however, turnover there of 5S RNA is slow.'3 Thus, the measured rates probably closely approximate the actual rates of synthesis. The number of genes for rRNA was estimated by measuring the number of binding sites on DNA for the 30S rRNA component of ribosomes, although the primary transcription product of rRNA genes is a 45S RNA molecules.2' However, since 45S RNA is precursor to one molecule of 30S rRNA and one molecule of 18S rRNA,2' measurement of the number of binding sites for 30S rRNA is equivalent to measurement of the minimum number of genes for rRNA.
The frequency of transcription of individual genes cannot be determined without knowledge of the proportion of genes which are active at any one time. However, average values for frequencies of transcription are readily calculated from knowledge of the rates of synthesis and the total number of genes. Each 45S provides sufficient 30S rRNA and 18S rRNA for the synthesis of one ribosome. 21 Thus, the rate of synthesis of 45S RNA must at least equal the rate of synthesis of ribosomes, and might be greater if wastage of 45S RNA occurs. In the livers of adult rats the rate of synthesis of 45S RNA is, therefore, at least 650 molecules per minute per cell, and the average frequency of transcription is at least two molecules per minute per gene. The average frequencies of transcription of tRNA and 5S RNA are 0.85 and 0.4 molecules per minute per gene, respectively.
The frequency of transcription of any particular gene depends on the rate of extension of nascent RNA chains and the spacing of RNA polymerase molecules on that gene. In E. coli growing under optimal conditions, the average spacing of RNA polymerase molecules on genes for stable RNA is about 54 nucleotides, which is about as close as is physically possible.22 In HeLa cells, 2.5 minutes are required for the synthesis of a 45S RNA molecule of about 13,000 nucleotides. 23 The rate of chain extension in HeLa cells is thus 87 nucleotides per second, which is twice the rate in rapidly growing E. coli. 22 If it is assumed that maximum gene utilization in rat liver cells involves a chain extension rate of 87 nucleotides per second and an RNA polymerase density of one molecule per 54 nucleotides, each nucleotide of a gene would be transcribed (87 X 60)/54, or 97 times per minute. Gene products would be formed at the same rate, regardless of the size of the gene. On this basis, genes for rRNA, 5S RNA, and tRNA appear to be utilized at less than 5 per cent of their capacity in liver cells of adult rats.
Appendix.-For a ligand (DNA) with n independent binding sites each with the same intrinsic binding constant (Kd) A mole equivalent of rat liver DNA was considered to be 5.77 X 1012 daltonis, which is the amnount of DNA per liver Cell. 25 Thus, values of it are equal to VOL. 64, 1969 '387 
